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ABSTRACT 

We investigate the possibility that the decrease in the relative luminosity of the 158 //m [Cn] line with the far-infrared luminosity in 
extragalactic sources stems from a stronger contribution from the heated dust emission in the more distant sources. Due to the flux 
limited nature of these surveys, the luminosity of the detected objects increases with distance. However, the [C ii] luminosity does not 
climb as steeply as that of the far-infrared, giving the decline in the L[ciij/^fir ratio with Lfir. Investigating this further, we find that 
the [C ii] luminosity exhibits similar drops as measured against the carbon monoxide and radio continuum luminosities. The former 
may indicate that at higher luminosities a larger fraction of the carbon is locked up in the form of molecules and/or that the CO line 
radiation also contributes to the cooling, done mainly by the [C n] line at low luminosities. The latter hints at increased activity in 
these galaxies at greater distances, so we suggest that, in addition to an underlying heating of the dust by a stellar population, there is 
also heating of the embedded dusty torus by the ultra-violet emission from the active nucleus, resulting in an excess in the far-infrared 
emission from the more luminous objects. 
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^ ^. Introduction 



The P3/2 — > Pi/2 fine- structure line of C^, [Cii], is be- 
liev ed to be a cooUng pathway for the diffuse gas in galax- 
ies JDalgarno & McCravl Il972l) . This transition traces photo- 
dissociation regions (PDRs), where the ultra-violet radiation 
from young stars dominates the heating of the gas. From this 
process, the [C 11] lu minosity may reach up to 1 % the tota l lumi- 
nosity of the galaxy dCrawford et all 119851: IStacev et all 119911; 
IWright et all 1 199 1 1). thus being the most powerful emission line 
in many galaxies. From a study of 60 normal galaxies with the 
Long Wavelength Spectro meter (LWS) on-bo a rd the Infrared 
Space Observatory (ISO, ICleggetali Il996h . iMalhotra et all 
( l200lh find that for far- infrared luminosities of Lfir ~ 10^^ L©, 
the L[cu]/Lfir ratio is roughly constant at logio(L[cnj/LFiR) ~ 
-2.5, but drops rapidly above these values (Fig. [T]l- This nor- 
malised decrease in the brighter galaxies is attributed to an in- 
creased grain charge, lowering the kinetic energy of the liberated 
photo-electrons which deliver heat to the gas. 

iNegishi e t alj (12001 ) extended this sample to include star- 
burst galaxies and active galactic nuclei (AGN), all of which are 
found to follow the same trend, suggesting that far-infrared emis- 
sion in the active galaxies also arises primarily from star forming 
activit y. Rather than an incr ease in the charge carried by the dust 
grains. lNegishi et al] (12001) suggest that the L[cii]/Lfir decrease 
with Lfir is due to higher gas densities resulting in higher col- 
lision rates, thus de-exciting the ionised carbon through a non- 
rad iative process. 

iLuhman et alj (Il998l l2003h confirm the decrease in 
L[cii]/Lfir with Lfir to higher luminosities (Lfir ~ 10'^ L©), by 
observing [C 11] in a sample of ultra-luminous infrared galaxies 
(ULIRGs). This trend is in part attributed to much of the far- 
infrared emission arising from dust-bounded photo-ionised gas 
which does not contribute to the [C 11] emission. Most recently, 
the far-infrared luminosities have been taken up another notch 
by the two high redshift detections of [Cii], which again follow 
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Fig. 1. The L[cii]/Lfir ratio versus Lfir for the low redshift 
(z < 0.1296) g alaxies and the high redshift quasar searches 
(cf. figure 2 of iMaiolino et al.l l2005h . Throughout this paper 
the symbols are colour coded according t o the source re ference 
- red (Malhotraetal., 2001), blue (Negi shiet all 1200 Ih . green 
(iLuhman et al., 20 ()3|) and black ( the two high reds hift [C 11] de- 
tections of .Maiohiio et all 120051: llono et alj l2006|)^ The down- 



wards a rrows show the 3cr up per limits. As per ILuhman et al.l 
(I2OO3I) : iMaioUno et"aLl (l2005h . the hollow symbols indicate 
where the ^ 80" LWS aperture (£legg et al. 1996) subtends i 10 
kpc and the filled symbols where the aperture subtends Z 10 
kpc (at angular diameter distances of Z 26 Mpc or z ^ 0.006 - 
throughout this pape r we use //p = 7 1 k m s"' Mpc"\ fimatter = 
0.27 and Qa = 0.73. ISpergelerani2003l) . 



the same decline in L[cii]/Lfir dMaioUno et al.L 120051; llono et all 
2006) . Once more, this indicates different excitation conditions 
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Fig. 2. The L[cii]/Lfir ratio versus the luminosity distance. The 
symbols are as per Fig. [T] 



than in local galaxies dlono et all l2006h ar id possibly extremely 
high star formation rates (~ 3000 Mq vr~ ' . iMaiolino et al.l2005l) 
in the early Universe. From all of these studies (summarised in 
Fig.[TJ, there is no doubt that the relative strength of the [Cii] line 
drops with far-infrared luminosity. However, such flux limited 
surveys are subject to a selection effect, where only the brighter 
sources are detected at large distances. It is therefore possible 
that the [C ii] deficit is caused by changing demographics of the 
galaxies at larger distances, a possibility we investigate in this 
paper. 



2. Possible selection effects 

2.1. Relative [Cn] luminosities 

In Fig.|2]we replot the [C ii]-FIR luminosity ratio against the lu- 
minosity distance (cf. Fig.[TJ, from which we find a very similar 
trend. Using Kendall's r rank coiTelation coefficient, which is 
a non-parametric test of the degree of correspondence between 
two parameters, we find a 0.009 probability that there is no cor- 
relation between the Lpuj/ipiR ratio and distance (Table \W). 
This decreases to P(t) - 0.002 for the LWS "point" sources (i.e. 
those at z > 0.006), where the [C ii] emission should be fully 
sampled. If the L[cii] /^fir ratio and the distance are unrelated, 
a 0.2% probability would be located at 3.06cr on the tails of a 
normalised Gaussian (mean = 0, cr = 1), suggesting that there is 
a correlation. 

Clearly, there exists the possibility that the congelation is 
dominated by the inclusion of the two high -redshift quasars 
(z = 6.42, IMaiolino et al.ll2005l and z = 4.69, llono et alj|200l 
cf. z < 0.1296 for the rest of the sample). Excluding these from 
the statistics, however, we see that a correlation remains at a 



' In Table [H t he upper limits are incorporated according to the sur- 
vival analysis of llsobe et alj (11986'), via the asurv package. This gives 
Kendall's t two-sided probability that there is no correlation between 
the two ranks, P(t), and the subsequent significance of the correla- 
tion, S(t). Note that where n = 1 08, we have had to ex clude the two 
blue-shifted galaxi es (NGC 1569; iMalhotraet aLll200ll and Mafi'ei2; 
iNepishi et alJl200lh . since the tested parameters must be converted to 
log values to run asurv. With Lfciij/i'FiR ~ 10"^, these occupy the same 
regions as the other z < 0.006 points and do not weaken the correlations. 



Table 1. Sample statistics for various redshift ranges - (1) the 
whole sample, (2) the sources for which the LWS aperture 
subtends ^ 10 kpc, (3 ) also excluding the tw o high-redshift 
quasars ( MaioUno etdl 120051; Hono et all l2006l) and finally, (4) 
the sources for which the aperture subtends S 10 kpc. 



Redshift range 



P(T) 



S(r) 



i[cii]/iFiR-Lutninosity distance (Fig. IS 



Whole 108 


0.0090 


2.610- 


z > 0.006 63 


0.0022 


3.06a- 


0.006 <z<0. 1296 61 


0.0114 


2.530- 


< z < 0.006 45 


0.1589 


1.410- 


i'[CII] - ipIR 


(Fig.[3j 




Whole 110 


5.9 X 10-30 


11.40- 


z > 0.006 63 


1.1 X lO-"* 


7.730- 


0.006 <z<0. 1296 61 


1.8 X 10-" 


7.360- 


< z < 0.006 45 


5.2 X 10-'3 


7.220- 


L[cii]-Luminosity distance (Fig.|4j 


Whole 108 


1.1 X 10-" 


9.08O- 


z > 0.006 63 


4.1 X 10-'° 


6.250- 


0.006 <z<0. 1296 61 


6.6 X 10-' 


5.80O- 


< z < 0.006 45 


0.0060 


2.750- 


LpiR-Luminosity distance (Fig.© 


Whole 108 


2.3 X 10-" 


9.00O- 


z > 0.006 63 


8.1 X 10-" 


7.160- 


0.006 <z<0. 1296 61 


1.6 X 10-" 


6.74CT- 


< z < 0.006 45 


0.1152 


1.580- 



2.53cr significance. Finall y, note that at z = 0.0 072 and 0.011, 
the two non-detections of iMalhotra et al.l (1200 ll) . which are the 
only two significant outliers (as they are for the L[cii]/LmR ver- 
sus LpiR correlation. Fig. [1]), lie close to the z - 0.006 "beam- 
filling" cut;off;_A^flieserespective redshifts, the < 80" LWS 
beam dNegishi et all l200l1) subtends < 11 and < 17 kpc and 
so these may not represent true L[cii] upper limits (although cf. 
Fig.O. The exclusion of these sources raises the significances to 
2.89cr (whole sample) and 3.74cr (z > 0.006). We include these 
in Table [1] however, as per the other authors, we use a cut-ofFof 
10 kpc for the diameter of the LWS beam. Finally, there is also 
the possibility of an undetected population of objects with large 
L[Cii] /LpiR ratios at large distances (i.e. located to the top right of 
Fig.|2]i. If there is a population of faint sources at large distances, 
their effect on Fig. [1] would have to be considered, although these 
would suggest that the decline in i[cii] /LpiR with luminosity dis- 
tance is a selection effect, introduced by the flux limited nature 
of the surveys. Caution must therefore be advised in interpreting 
Fig. [1] and the following figures, as it is possible that the locus 
of points may actually represent the upper luminosity edge of a 
wedge of undetected lower luminosity sources. 

Fig. [3] shows the [Cii] versus the FIR luminosity, which ap- 
pear to be closely correlated over the whole range of luminosities 
(Table[Tli. Note, however, that with a gradient of less than unity 
(0.77 + 0.03, incorporating the upper limits), the least-squares fit 
to these data demonstrates that L[cii] does not match the climb in 
LpiR, confirming a depletion in the [C ii] luminosity in relation 
to the FIR emission. This is further illustrated in Fig. |4] where 
the increase in both i[cn] and LpiR with distance is due to the 
increase in the lower limit of the luminosities which can be de- 
tected. The figure confirms that i[cii] does not climb quite so 
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Fig. 3. The [C ii] luminosity versus the FIR luminosity. 
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Fig. 4. The [C ii] and FIR luminosities versus the luminosity dis- 
tance. The least-squares fit to logioLpuj-logio (luminosity dis- 
tance) has a gradient of 0.89 + 0.07 (incorporating the upper lim- 
its) and the fit to logjo LpiR-logiy (luminosity distance) has a gra- 
dient of 1.16 + 0.08, over the whole redshift range. The panels 
are plotted to cover the same luminosity range (in decades), from 
which we see a clear deficit in L[cii] in comparison to LpiR as the 
distances increase. 



rapidly as Lfir, with an apparent slowing in the increase of L[cii] 
at ; 10^ pc, where the ULIRGs dominate. This indicates that 
the L[cii] /LpiR-luminosity distance trend (Fig.|2]i is the result of 
lower relative L[cii] contribution at larger distances and that the 
anti-correlation is not purely due to the two high redshift points. 
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Fig. 5. The 1 .4 GHz continuum luminosity versus the luminos- 
ity distance. We show this up to z ~ 0.13, since there are 
no radio flux measurements available for the two high redshift 
sources. The triangles designate fluxes interpolated from neigh- 
bouring radio frequencies. Note that the top right corner is within 
the realm of radio galaxies and quasars where luminosities of 
/^radio i lOf W Hz'' are found at z > 0.1 (see figure 4 of 
ICurran et al.ll2008i ') 



2.2. Possible causes 

2.2.1. Increasing AGN activity 

Even with the exclusion of the two high redshift quasars the 
redshift range spanned by the sample is considerable, with z < 
0.1296 coiTesponding to a luminosity distance of < 600 Mpc, 
or looking back 12% into the history of the Universe. At these 
moderate redshifts, we may expect a change in the demograph- 
ics of the galaxies from those in the local Universe, as is seen 
from the presence of the ULIRGs (above) or a larger population 
of AGN (see below). In fact, among a lis t of scenarios possibly 
responsible for the decline in L[cii] /LpiR, ^ Malhotra et al.l (1200 ih 
have suggested that increased AGN activity, over and above that 
of the starburst, could be the cause of the changing i[cii] /^fir 
ratios. 

AGN activity may be traced by radio loudness, with radio 
surveys at 1 .4 GHz finding a bimodal distribution in the bright- 
ness of extragalactic radio sources: The vast majority of the 
radio-loud (over 95% with 5 radio ~ 50 mJy) being radio galax- 
ies and quasars, whereas the radio-quiet tend to be star-forming 
galaxies (which dominate at flux d ensities of 5 radio ~ 1 mJy, 
ICondonll984t [Windhorst et al.ll98 5'). We have therefore trawled 
the NASA/IPAC Extragalactic Database (NED) for the 1.4 GHz 
flux densities of the galaxies searched for in [C ii] and converted 
these to radio luminosities, which we show in Fig. |5] As seen 
from this (and Table |2]l, there is a very strong correlation be- 
tween radio luminosity and distance. Again, this is not surpris- 
ing due to the flux limited nature of these surveys, but it does 
show that even over the low redshift sample (z < 0.1296), there 
is a strong selection eff'ect. 

Along with the distinct dififerences in radio fluxes, there is a 
difference in the redshift distributions, with the AGN exhibit- 
ing the higher values (Condon, 1984). This is confirm ed by 
the 2dF and 6dF Gala xy Redshift Surveys (ISadleret al.lll999l: 
iMauch & Sadlerll2007h . where star-forming galaxies have a me- 
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dian redshift of z ~ 0.05, in contrast to z x; 0.1 for the 
AGN, which also exhibit a longer high redshift tail (up to the 
z = 0.3 limit of the surveysfl Over the range of this sample 
(z < 0.1296), the vast majority of star forming galaxies in the 
2dF sample have radio luminosities of Lradio ~ 10^^ W Hz"\ 
with most AGN kic king in at z > 0.1 with L,adio ~ 10^^ W Hz"' 
dSadler et all Il999 fl. Note that for the latter this value is close 
to the radio flux limit, and so a more radio-faint AGN popula- 
tion at high redshift cannot be ruled out. However, 87 of the 108 
sources have published (and detected) radio fluxes, where radio 
loudness is not necessarily a prerequisite for far-infrared selected 
surveyfl, alth ough ionised gas will emit a radio continuum (see 
iNegishi etal];2001) . As well as the possibility of a faint AGN 
population, there are expected to be higher redshift star forming 
galaxies, but by z ^ 0.2, these are already below the ~mJy de- 
tection threshold. As stated above, most of the [C ii] sample is 
detected in the radio, due in part to the generally low redshifts, 
and in Fig.|6]we show the [C ii] and FIR luminosities against that 
of the radio. 

From this, we see that [Cii] luminosity does not climb as 
steeply as that of the FIR with radio luminosity, which is clearly 
apparent even with the exclusion of the two high redshift sources 
(cf. Fig.|4]l. Rather than heating by stars, the correlation of LpiR 
with Lradio may suggest a significant AGN contribution, where 
much of the FIR emission may arise from dust heated by ultra- 
violet emission from the central accretion disk. This is also sus- 
pected to be the case in a sample of low redshift Seyfert galax- 
ies, where the FIR emission does not wholly tr ace the dense 
star-forming molecular cores (ICurran et aI.Ll2001alla) . In extreme 
cases (Luv i 10^"* W Hz"'), high ultra-violet fluxes may be 
repon sible for ionising much of the neutral gas dCurran et aI.L 
|2008|) . making star formation, ironically enough, less likely in 
the most UV bright sources. Note finally that, although there are 
no radio fluxes available for the two high redshift [C ii] detec- 
tions, the presenc e of a powerful X-ray flux from the quasar is 
invoked bv Maiolino et al.l (l2005i) to account for the large popu- 
lations in the high CO rotational levels at z = 6.42, which cannot 
be obtained from a PDR model of a typical star forming region 
alone. 



2.2.2. Decreasing metallicities 

As mentioned above, the galaxies searched probe the past 12% 
of the Universe, with the two high redshift detections providing 
end-points at look-back times of 12.4 and 12.8 Gyr, i.e. within 
the first 12% of the Universe's lifetime. An evolutionary effect, 
which may give the observed decrease in the [C ii] line emis- 
sion fraction, could be the cosmological evolution of heavy el- 
ement abundances. A correlation between metallicity and look- 
back time has already been observed in damped Lyman-a ab- 
sorption systems over the first 6 Gyr hist ory of the Universe 
dProchaska et al.L 120031; ICurran et al.L |2004|) . and an increase in 
the carbon abundance with cosmic time could explain the lower 



^ Note also, from X-ray photometry IZheng et alj ( |2004|) find that the 
galaxy population drops at z ; 1, in comparison to z ; 2 for type- 
2 AGN and no significant redshift dependence for type-1 AGN. From 
rest-frame UV photometry. ICurran et alj i2008h also suspect that all op- 
tical -l-radio bright sources at z J 3 are type-1 AGN. 

' The range of radio luminosities found may suggest a range of 
w 0.07 to X 0.3 X IO '^Mq for the masses of the cen tral black holes 
powering the galaxies ( iMetcalf & Magliocchettiir2006h , over luminos- 
ity distances of ~ 10' to ~ 10' pc (Fig.[5]l. 

'^ iMalhotra etafl ( 1200 ih and$Jegishi et al. (2001) select near-by nor- 
mal star-forming galaxies and lLuhman et alj ^2003|) select ULlRGs. 
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Fig. 6. The [Cii] and FIR luminosities versus the 1.4 GHz 
continuum luminosity. The least-squares fit to logjoLpn] - 
logio Lradio h^s a gradient of 0.77 + 0.04 (incorporating the up- 
per limits) and the fit to logjoLpiR - log lo Lradio has a gradient 
of 0.92 + 0.05, over the whole radio luminosity range. As per 
Fig.m the ordinate in both panels are plotted to cover the same 
luminosity range (in decades). 



relative [C ii] contribution with increasing redshift (at least over 
the full < z < 6.42). A local low metallicity laboratory is 
the M agellanic clouds, an d in the 30 Doradus region of the 
LMC, IStacev et al.1 ( 1199 lb find [Cii]/CO intensity ratios ^ 30 
times larger than Galactic values, later confirmed to be a fac- 
tor of ^ 20 over the main part of the LMC (=s 6x10 kpc^, 
Mo chizuki et al.|[l994l) . This is interpreted as the lower metal- 
licities yielding lower dust abundance^ and thus providing less 
shielding from ultra-violet photons, dissociating and ionising the 
CO into [C ii] . In this model the high [C ii]/CO ratios are there- 
fore indicative of low metallicities. 

Plotting the [C ii] and FIR luminosities against that of CO 
(Fig- 01 we see that both are strongly correlated with this tracer 
of molecular gas abundance (Table |2]) and, again, the [C ii] lu- 
minosity does not climb as rapidly as Lfir with increasing Leo- 
Over this wide range of luminosities (and redshifts), there is no 
large change in the Lrcm - Leo r atio apparent: From a recent 
survey of the LMC, iBolatto e t al.l (12000) detect more extended 
CO emission, undetected by Mochizuki et al] (1 19941) . the con- 
tribution of which brings th e Lrciu/ Lco ratio close to Galactic 
values. Further afield. Madden et al.l (11997) find widely varying 
Lfcin /Leo ratios in the l ow-metallicity dwarf galaxy IC 10 and 
I Smith & MaddenI dl997h find in two spiral galaxies L[cii] /Leo 
ratios which are an order of magnitude higher than Galactic disk 
values and more typical of the values found in irregular (low 



^ Su ch a correlation has been noted at high redshift bv lCurran et al.l 
J2004) . 
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Table 2. As per Table [3 



2 4 6 8 

logiol-co [•-©] 

Fig. 7. The [Cii] and FIR luminosities versus the CO lumi- 
nositie s, which have b een compiled from [Sanders & Mirab^ 
(1985"); 'Sanders et al.' ('1986' '1988', '1991); Solomon & Sag! 
(1988); Heckmanetal. (1989); Wiklind & Henkel (1989); 
Sargent etal. (1989); Eckartetal. (1990); Lees et al. (1991); 
Tacconi et al i 61991.) ; iClaussen & Sahai (1992); iSage, ( , 1993 ); 
Aalto et alJ ( |l995l) ; m)ung et al. ( 1995); iGreve et al.l (|l996|) ; 
Elfhag et al. ( 1996); Omont et al. ( 1996); Solomon et al. ( 1997); 
Gao & Solomon (1999); Ciirranetal. (20qib); Boselli et al 



( |2002|) ; Ide Mello et al.l (l2002l);TBertoIdi et all (I2q03h; lYao et al. 



(2003); Istrong et al.l (|2004 ; iLerov et all (l2005b ; lAIbrecht et al 
(l2007b . The shapes designate the CO rotational transition; cir- 
cles - J - 1 —> 0, triangles - J - 2 —^ 1 and the squares 
the higher CO transitions for the two high redshift [C ii] detec- 
tions. The lines show the least-squares fits to all of the points, in 
which logio i[cii] - logio Lqo has a gradient of 0.54 ± 0.05 and 
Iogj„ LpiR - logio ^co a gradient of 0.67 + 0.05. 



metallicity) galaxies. This calls into question the effectiveness 
of this ratio as a tracer of heavy element abundance (although 
see JBoIattoetaI.,,1999; .Rollig et aL.2006) . 

2.2.3. Star formation rates 

A correlation betwe en the [Cii] and C O intensities has previ- 
ously been noted bv lStacev et alj (Il99ll) . leading to the hypoth- 
esis that th e ionised ca r bon an d carbon monoxide are spatially 
coincident. lAalto et al] (Il995h suggested that the CO must be 
reasonably excited (so that Iqo 2^i/^co i^o ~ 0.8) if associated 
with a PDR and demonstrated that such CO intensity ratios were 
satisfied for [C ii]/CO Z 4000 in a sample of 19 normal and star- 
burst galaxies. It therefore appears that lar ge L[ciii /Leo ratios 
are indicative of enhanced star formation ("Stacev et al.l 1199 iL 
see also Bolatto et al. 2000) and, from a sample of 21 late-type 
galaxies. jPierini et al.l d 19991) find that L[cii]/Lco is proportional 
to the star-formation rate in non-starburst galaxies. Furthermore, 



Redshift range 



P(r) 



S(T) 



^radio-Luminosity distance (Fig.[5]l 



Whole 87 

0.006 <z< 0.1296 50 
< z < 0.006 37 



9.7 X 10^'^ 8.03O- 

3.6 X lO^'" 6.270- 

0.0891 1.70O- 



-[cii] ■ 



(FigM 



Whole 87 1.9x10-23 

0.006 <z< 0.1296 50 7.5 x lO^'^ 
< z < 0.006 37 2.9 x lO"** 



9.98cr 
7.170- 
5.550- 



i-'FIR 



■iradio (Fig.[6ll 



Whole 87 5.5 x lO^^^* 

0.006<z< 0.1296 50 1.3x10-" 
0<z<0.006 37 1.1x10-** 



lO.lo- 
6.770- 
5.720- 



i[cn] -ico(Fig.|7j 



Whole 80 9.4 x lO"" 

z> 0.006 49 1.6x10-'° 

0.006 <z< 0.1296 47 3.0 x lO"' 

< z < 0.006 30 0.000055 



8.840- 
6.40O- 
5.930- 
4.03O- 



!^FIR ■ 



I^CO 



(Fig.lZj 



Whole 80 14x10-2" 

z > 0.006 49 2.8 x lO"'" 

0.006 < z < 0.1296 47 4.6 x 10"' 

0<z<0.006 30 1.3x10-* 



9.03O- 
6.310- 
5.86a- 
4.840- 



IStacey et al.l (Il99lh suggest that starburst galaxies and star form- 
ing regions have ratios of [C n]/CO ~ 6000, three times higher 
than for quiescent Galactic regions and non-starburst galaxies. 
In Fig. [T] apart from the z ~ 0.006 scatter and possibly the 
ULIRGs, we see no major deviations from the L[cii]/ico trend, 
although the log plot will be quite insensitive to a factor of three. 
It is clear, however, that the ULIRGs have systematically higher 
L-pmlLco ratios than the rest of the sample, perhaps indicating a 
contribution to the FIR luminosity from a n AGN in ad d ition to 
that from the heating by sta rs. Note that ICurran et al] (l2001cl) 
and iGao & Solomoni (|2004|) find LpiR ^ ^hcn over three or- 
ders of magnitude of luminosity, including the ULIRGs. This 
suggests that, while the CO traces all of the molecular gas, the 
HCN, which traces the dense gas, is closely associated with the 
FIR emission , be this due to star formation and/or AGN activity 
(ICurranetalll2001cl) . 

2.2.4. Gas cooling by [Oi] 

In increased far ultra-violet fields the efficiency of the photo- 
ejection of electrons from dust grains is reduced, whereas the 
FIR dust emission continues to increase linearly. We may there- 
fore expect the observed relative decline in the [C ii] luminosities 
with those of the FIR. However, since the increased luminosities 
may also be tracing different galaxy types, we may also expect 
different contributions from other line coolants. The other major 
coolant in galaxies is that of the [O i] line, which we show against 
the [Cii] and FIR luminosities in Fig. [8] where again we see a 
relative decline in Lpiij- A constant L|oi]/Lfir ratio wi th LpiR 
was p reviously noted by Malhotra et al. (2001); Negish iet al.l 
( 1200 ll) . which is interpreted as in increase in dust, and therefore 
gas, temperatures due to a higher incident far ultra-violet flux 
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Fig. 8. The [C ii] and FIR luminosities versus the [O i] luminos- 
ity. The least-squares fit to Iogj,)L[cii] - log[()L[oi] has a gradi- 
ent of 0.87 + 0.05 (incorporating the upper limits) and the fit to 
Iogi()LFiR-logioi'[Oi] has a gradient of 1.05+0.08, for z > 0.006. 
As per Fig.m the ordinate in both panels are plotted to cover the 
same luminosity range (in decades). 
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Fig. 9. The [C ii] + [O i] luminosity versus the FIR luminosity. 
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Fig. 10. As Fig.[ri but normalising by the CO luminosity. 



0.87 + 0.03, which is higher than for the L[cu] - i'FiR correla- 
tion (0.77 + 0.03, Fig. [3]), although lower than for L[oi] - ipiR 
(0.95 + 0.08, Fig. [H). This indicates that the [Oi] increases its 
contibution to the cooling of the gas with increasing luminosity 
and that the stifled [C ii] luminosity has the effect of damping 
the total coolant line luminosity increase in relation to the FIR. 
This could be partly responsible for the ULIRGs which are, once 
again, offset from the overall trend, although, as seen in Fig. [8] 
there is also an FIR excess in relation to the [Oi]. Detections of 
the [Oi] emission in the two high redshift objects could verify 
this trend at the highest luminosities. 

Table 3. As per Table [2 



Redshift range n 


P(t) 


S(T) 


i[CII] - ^[01 


(Fig.[8} 




Whole 94 
0.006 <z<0. 1296 54 
< z < 0.006 40 


8.3 X 10-3' 
5.1 X 10-"* 
1.2x10-'^ 


11.54cr 
8.II0- 
7.11cr 


^FIR - i[OI] 


(Fig.© 




Whole 94 
0.006 <z<0. 1296 54 
< z < 0.006 40 


7.8 X 10-2^ 
8.5 X 10-'- 
4.5 X 10-'^ 


IO.5I0- 
6.830- 
7.240- 


(-^[CII] + -^[01]) - 


Lfir (Fig. [9) 





Whole 


96 


5.1 X lO-^** 


10.550- 


z > 0.006 


56 


l.lxlO-'2 


7.120- 


0.006 <z<0. 1296 


54 


1.8x10-" 


6.720- 


< z < 0.006 


40 


2.8 X 10-'2 


6.990- 



JKaufman et al.L [19991) . Again, we see that the FIR luminosities 
cause the ULIRGs to stray from the lower luminosity trend, al- 
though the overall [C ii]-[0 1] correlation holds tightly for these 
objects. As for the radio continuum (Fig. |6]l and molecular line 
(Fig. 12) emission, this indicates that there is an excess of FIR 
emission at higher luminosities. 

La stly, in Fig. [9] w e show the total coolant line luminos- 
ity (cf . iMalhotra et al.] |2001) versus that of the far-infrared. The 
least-squares fit over the whole redshift range has a gradient of 



2.3. Recap of the correlations 

Here we replot the correlations in the same manner as Fig. [1] 
where we see similar trends as for L[cii]/Lfir - ^fir: With the 
inclusion of the two high redshift points, the L[cii] /Leo - Leo 
relation (Fig. [TOl i exhibits the steepest drop (four decades, cf. 
the not-quite two of the FIR, Fig. [U. Since a significant con- 
tribution to this decline is due to the two end points, this may 
reafirm our belief that L[cii] /Leo is a poor tracer of metallicity. 
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Fig. 11. As above, but normalising by the [Oi] luminosity. 



since we would expect the highest ratios (lowest metallicities) 
for the high redshift sources (Sect. 12.2.21 ). What Fig. [10] sug- 
gests, naturally enough, is that the abundance of ionised carbon 
decreases as more carbon is locked up in molecules, confirm- 
ing th at the two phases share the same location (IStacev et al.L 
Il99lh an d that the star format i on rate may decrease with increas- 
ing L eo (IStacev et al.L 119911; iPierini et al.L 119991; iBolatto et al.l 
l2000h . 

The presence of molecular gas requires the presence of dust, 
the heating of which will be responsible for the corresponding 
drop in L[cn]/LFiR with Lfir- However, the changing galactic 
demographics, due to the necessarily brighter sources at larger 
luminosity distances, may have differing cooling mechanisms 
than for the more proximate (and therefore dimmer) examples: 
The 63 //m [O i] line has the effect of increasing the gradient of 
the coolant line ([C ii] + [O i]) luminosity (cf. L[cn] only) against 
Lfir and in Fig. [TT]we also see a decrease in Lrc m /Ltpn with 
L[oi]. In addition to this. Pa padopoulos et al.l (l2007h suggest that 
the excited (7 = 4 ^ 3 & 6 ^ 5. i.e. A = 651 & 434 //m) CO 
lines contribute as much to the cooling as the [C ii] line in one 
of the ULIRGs (Mrk 231). From Fig. [TOl there is undoubtably a 
steep increase in the relative CO luminosity, although it is gen- 
erally the 7 = 1 — > transition which has been detected in 
the ULIRGs and, again, these exhibit an excess in FIR lumi- 
nosity (see Fig. |7]0. Note, however, that for the quasars, where 
the high excitation transitions are redshifted into more "observer 
friendly" bands, the 7 = 6 ^ 5 & 7 ^ 6 (.i = 434 & 389 jum) 
CO luminosities do follow the general trend (Fig.]?). 

The clear drop in L[cii] /Lradio with Liadio (Fig.[T2li. supports 
the possibility of a changing AGN contribution. As discussed 
above, star forming galaxies tend to be objects of low radio flux, 
whereas active galaxies give rise to large radio fluxes and those 
of our sample, towards the high end, certainly qualify as radio- 
loud. Quasars, or at least QSOs, are o ften ass ociated with sub- 
stantial dust emission (e. g. fSmail et al . 1997; B arvainis & Ivisod 
I2OO2I; ICowie et al. 2002). as well as bright CO emission at high 
redshift (see fHainline et al. 2004 and references therein). Again 
this raises the possibility that the more radio luminous sources 
may radiate the excess heat from the AGN through CO emission. 
Whatever the cause , arguments involving the relative decrease 
of L[cii] with Lfir dMalhotra et all I200U iNegishi et all I2OOII; 



^ Also, iPapadoDoulos et aTl ( |2007|) believe that the lower rotational 
transitions do not trace the same gas phase. 
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Fig. 12. As above, but normalising by the radio continuum lumi- 
nosity. 



iLuhman et al.L 120031) . must also account for similar decreases as 
measured against the molecular gas and radio continuum lumi- 
nosities. 

3. Summary 

In addition to the well documented drop in the L[cii]/Lfir ra- 
tio with far-infrared luminosity in extragalactic sources, we find 
similar decreases with the molecular gas and radio continuum lu- 
minosities. This indicates that there is a [C 11] deficit in relation 
to each of these properties, which due to the flux limited nature 
of the surveys, suggests a relative [C 11] decline with luminos- 
ity. If evolutionary in nature, the order of magnitude decrease 
in the mean L[cii]/Lfir ratio over the past 12% of the history of 
the Universe, could be due to a decrease in the metallicities, al- 
though, as per some of the literature, we see no evidence of this. 
The decline in L[cii] /Lfir is, however, dominated by the ULIRGs 
at redshifts of z ~ 0.1 as well as the two QSOs, at z = 4.69 and 
6.42, and so rather than a detectable evolutionary effect, the de- 
creasing L[cii] /Lfir ratio is more likely the cause of a change in 
the demographics of the objects which can be detected at these 
distances. 

We suggest that the excess FIR and radio luminosities arise 
from additional AGN activity, where the former is the result 
of dust in the embedded circumnuclear torus being heated by 
ultra-violet photons, in addition to the underlying ultra-viole t 
emi ssion from the stellar population. Both Negishi et alj (1200 Ih 
and iLuhman et al.l ( l2003l) also advocate non-PDR mechanisms 
as being responsible for some of the far-infrared emission. 
Furthermore, if the radio emission was due to the same ionised 
gas as traced by the [C 11] emission, we would not expect a rela- 
tive decrease in L[cii] with Lradio- This may also be indicative of 
an increasing AGN contribution to the luminosit y of these ob- 
jects and towards the high end (i.e. the ULIRGs of'Luhm an et al.l 
2003), these sources would be considered radio galaxies. 

Whether caused by an embedded AGN or vigorous star 
forming activity, the heating of the dust is the most likely ex- 
planation for the decrease in the [Cii] luminosity in relation 
to that of the FIR. So although the gas is not expected to 
be heated by quite the same extent as the dust, the chang- 
ing galaxy types, as traced by the increasing luminosities, may 
imply different cooling mechanisms. One possibility is an in- 
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crease in the relative contribution of the cooling by the [Oi] 
line, which is known to become more dominant at higher ultra- 
violet flu^cesjKauiman^t^l., 1999), thus tracing the warmer 
dust (iMalhotra et all l2001i) . Furthermore, like the molecular 
gas and radio continuum luminosities, in comparison with the 
FIR, the [O i] also exhibits an excess over the [C ii] luminos- 
ity, although this is also depleted for the ULIRGs. An additional 
coolant may therefore be the CO emission, in which the higher 
rotational transitions are found to rival the cooling by the [C nl 
line i n one of the ULIRGs of the sample jPapadopoulos et aU , 
I2OO7I) . with the two high redshift endpoints (for which these 
transitions have also been observed) exhibiting no FIR excess in 
relation to the CO. We may therefore expect the warm molecular 
gas to also be located in the torus from which the additional FIR 
luminosity is arising, with the cooler gas, as traced by the low ex- 
citation rotational transitions, located at larger radii. Beyond the 
torus, in the main galactic disk, is also where most of the cool 
neutral gas, as traced by the Hi 21-cm absorption, is believed to 
reside (ICurran & Whitina2009l and references therein). 

Observations of the higher rotational CO transitions in the 
ULRIGs could determine whether these could contribute to the 
cooling budget in these extreme FIR environments (due to star- 
burst/ AGN activity), where the [C 11] emission is apparently lack- 
ing. As well as this, our suggestion that the relative decline in 
[C n] with FIR is due to a changing demographic, and any asso- 
ciated evolutionary effects, could be further tested by: 

1. Radio flux measurements of the two high redshift sources. 
At z = 4.69 and 6.42 the 1.4 GHz continuum flux would be 
redshifted to 250 and 191 MHz, respectively. Both of these 
frequencies are accessible by the Giant Metrewave Radio 
Telescope, although such low frequencies could be subject 
to severe interference. 

2. [O i] observations of these quasars in order to verify that the 
excess in this line over the [C 11] line extends beyond the local 
(z ~ 0.13) galaxies. 

3. Confirming the L[cii]/iFiR S 10"^ Umit in PSS 2 322-H1944 
at z = 4.12, as refeiTed to in'Maiolino et alj (l2005h [Benford 
et al., in prep.], but not since published. 

4. Further observations of the [Cii] transition at 0.1296 < z < 
4.69, filling in the redshift gap in the i[cu] /ipiR-luminosity 
distance distribution (Fig.|2|. At z ^ 1, sub-millimetre obser- 
vations would also cover the redshift rang e where star for- 
mation is expecte d to be most prevalent (.Pei & Falll 119951; 
iLillvetali Il996h . However, at Z 400 GHz fliese observa- 
tions are diflicult, requiring the very best atmospheric condi- 
tions. 
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